The microbial synthesis of cobalamins first described by Rickes et al. (1948) as an attribute of Streptomyces griseus has been found to be a synthetic property of many microbial genera when grown in media containing cobalt salts (Darken, 1953) . In all of the experiments described in the literature the microorganisms have been grown in cobalt-containing media, and no mention has been made of the biosynthesis of cobalamins by resting cells, e. g., nonproliferating cells. In this communication we wish to summarize-some of our observations on the biosynthesis of 5,6-dimethylbenzimidazole-hydroxocobalamin and a number of analogues of this vitamin by resting cells of propionibacteria and streptomycetes.
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MATERIALS AND METHODS
Cultural conditions for propionibacteria. Stock cultures of Propionibacterium arabinosum (ATCC 4965), P. freudenreichii (ATCC 6207) , and P. pentosaceum (ATCC 4875) were maintained in stabs of a tomato juice-peptone-yeast extract agar and stored at 5 C until needed. The inoculum was prepared by transferring viable cells to flasks of a medium containing yeast extract, glucose, and calcium carbonate, followed by incubation at 30 C for 3 to 5 days. After two transfers in this medium a few ml of the cell suspensions were used as the inoculum for growth of large quantities of cells. The growth medium contained 30 g glucose and 20 g autolyzed yeast and was diluted to 1 L with tap water. Five-hundred ml aliquots were placed in 1-L Erlenmeyer flasks and the flasks were then plugged with nonabsorbent cotton and autoclaved at 121 C for 30 min. When the flasks had cooled to room temperature, 10 g of powdered calcium carbonate (sterilized by 1 The nomenclature of Bernhauer and Friedrich (1954) will be used in this communication. In this system, vitamin B,2 is named 5,6-dimethylbenzimidazole-cyanocobalamin and pseudovitamin B12 is adenine-cyanocobalamin. autoclaving followed by heating for 3 hr in an oven maintained at 150 C) were added and the inoculated flasks were placed on a reciprocating shaker (120 1-in strokes per min) located in a room maintained at 30 C. After 74 hr incubation the suspended solids (including cells and residual calcium carbonate) were collected by centrifugation and then resuspended in a volume of distilled water approximately equal to that originally present. After collecting the solids a second time by centrifugation, they were resuspended in distilled water (equal in volume to half the original volume) and 20-ml aliquots were placed in 125-ml Erlenmeyer flasks. Supplements were added as indicated in table 1 and the flasks placed on the reciprocating shaker. Samples were removed periodically for analysis as described below.
Cultural conditions for streptomycetes. Stock cultures of Streptomyces aureofaciens (NRRL-B2209), S. fradiae (Waksman no. 3535), S. griseus (Waksman no. 4), S. rimosus (NRRL-B2234), and Streptomyces species ATCC 11,071
were maintained on slants of a yeast extract-beef extract-glucose agar or as cell suspensions dried by lyophilization. Inoculum was prepared by transferring viable cells to 250-ml Erlenmeyer flasks containing 75 ml of a sterile medium composed of 5 g meat extract (Cudahy), 10 g peptone (Difco), 10 g glucose, and distilled water to 1 L. These inoculated flasks were placed for 2 days on a rotary shaker (280 rpm; 2-in displacement) located in a room maintained at 25 C. Approximately 1 ml of the cellular suspension of each culture was used to inoculate a second series of flasks which were in turn placed on the shaker for 2 days. After this incubation period the cells were collected by centrifugation and resuspended in a sufficient quantity of distilled water so that the volume of the suspension equalled the original volume. The centrifugation was repeated and the cells resuspended as described. (The dry weight of the cells ranged from 3.5 to 4.5 mg per ml of suspension.) Twenty-ml aliquots of the suspen- 85 and 95 C. The suspension was then centrifuged, and the collected solids discarded. The samples from the streptomycete cell suspensions were adjusted to pH 2.5 by the addition of a small quantity of 12 N sulfuric acid and shaken vigorously on a mechanical shaker. The suspension was then centrifuged and the supernatant liquid containing the cobalamins was adjusted to pH 7.0 by addition of solid sodium bicarbonate and reserved for further study. Approximately 0.2 ml of an aqueous solution of potassium cyanide (5 g per 100 ml) was mixed with 5-ml aliquots of the supernatant liquids from the propionibacteria and streptomycete samples (this converted the cobalamins from the hydroxo derivative to the more stable cyano derivative). Aliquots of these solutions were analyzed for cobalamin content by the bioassay described in the U. S. Pharmacopia (Fifteenth edition) using the growth response of Lactobacillus leichmannii (ATCC 7830) with pure 5, 6-dimethylbenzimidazole-cyanocobalamin as reference standard. The identity of the cobalamins present in the supernatant liquids was determined by the paper chromatographic and paper ionophoretic methods described in our earlier publication (Perlman and Barrett, 1958) .
Data obtained in experiments with cell suspensions of propionibacteria and streptomycetes are summarized in table 1. The analyses showed that although no cobalamin activity could be detected in the cell suspensions prepared as described above, addition of cobalt salts to give approximately 1 ppm of cobalt resulted in a relatively rapid synthesis of cobalamins. Only 5,6-dimethylbenzimidazole-cyanocobalamin could be found in the extracts of the treated incubated cells of P. freudenreichii and the streptomycete cultures, whereas adenine-cyanocobalamin appeared to be the only cobalamin in the extracts from the cells of P. arabinosum and P. pentosaceum. When 5, 6-dimethylbenzimidazole was added to the cells of the latter two organisms at the same time as the cobalt salt, only 5,6-dimethylbenzimidazole -cyanocobalamin was found in the cell extracts, and apparently the synthesis of the adenine-cobalamin was suppressed. As shown in the data of table 1, the rate of synthesis of the cobalamins by the resting cells was rather rapid. More extensive experiments with suspensions of P. freudenreichii cells and cells of S. aureofaciens showed that rates of synthesis of the order of 0.05 jig per ml could be obtained over the period between the addition of the cobalt salt and 10 hr incubation. This rate varied with different preparations of these organisms, and was independent of the cobalt concentrations added between the ranges of 1 and 100 ppm.
In an experimental program summarized in an earlier publication (Perlman and Barrett, 1958) we found that cobalamin analogues were formed when certain benzimidazoles or related compounds were added to growing cultures of P. arabinosum. Addition of these benzimidazoles to the cell suspensions of P. arabinosum and P.
pentosaceum coincidental with the addition of the cobalt ions resulted in formation of significant quantities of the cobalamin analogues. Thus when benzimidazole, 5-methylbenzimidazole, benzotriazole, phenothiazine, quinoxaline, or 2-hydroxyphenazine was added to the cell suspensions, cobalamins containing these moieties in the nucleotide were formed according to the paper chromatographic analyses. Addition of , aa, atrifluoromethyl-2-nitro-p-toluidine resulted in the formation of 5-trifluoromethylbenzimidazole-hydroxocobalamin. These experiments show that it is possible to produce cobalamin analogues by this method. Usually only the new analogue was found in the cell extracts and little or no contamination with the adenine-cobalamin (often obtained when growing cultures are used) was observed (Perlman and Barrett, 1958 Streptomyces aureofaciens, Streptomyces fradiae, Streptomyces griseus, Streptomyces rimosus, and a Streptomyces species ATCC 11,071 were mixed with solutions containing cobalt salts, significant quantities of cobalamins were formed. The cobalamin synthesized by the P. freudenreichii and streptomycete cells was identified by paper chromatography and paper ionophoresis as 5,6-dimethylbenzimidazole -hydroxocobalamin, and that in the cells of the P. arabinosum and P. pentosaceum cultures was shown to be adeninehydroxocobalamin. When the cell suspensions of the latter organisms were mixed with cobalt solutions and solutions of 5, 6-dimethylbenzimidazole the cobalamin synthesized was 5,6-dimethylbenzimidazole-hydroxocobalamin. When benzimidazole, 5-methylbenzimidazole, phenothiazine, quinoxaline, 2-hydroxyphenazine, or a , a , a-trifluoromethyl-2-nitro-p-toluidine was added to the cell suspensions of P. arabinosum or P. pentosaceum instead of the 5,6-dimethylbenzimidazole, the cobalamins formed contained these substances in the nucleotide portion of the molecule according to the paper chromatographic analyses. 1959] 
